Introduction
Covalent histone modification provides a fundamental means to control gene expression and define cellular identities. [1] [2] [3] Dysregulation of histone modification represents a central oncogenic pathway in human cancers. 1, 3, 4 As the regulatory factors involved in the installation, removal, or recognition of histone modification (often termed as epigenetic "writers," "erasers," and "readers" 1 ) are increasingly considered to be "druggable,"
5-7 development of epigenetic modulators holds promise for novel therapeutic interventions. 7, 8 Polycomb repressive complex 2 (PRC2), the sole enzymatic machinery that uses either enhancer of zeste homolog 2 (EZH2) or related EZH1 as a catalytic subunit to induce trimethylation of histone H3 at lysine 27 (H3K27me3), has been shown to play critical roles in gene silencing 9 and in hematopoietic lineage specification at various developmental stages. [10] [11] [12] [13] Extensive evidence has linked PRC2 deregulation to malignant hematopoiesis. Recurrent EZH2 gain-offunction mutations were found in germinal center B-cell lymphoma patients, 14, 15 and constitutive expression of wild-type or lymphomaassociated mutant EZH2 in hematopoietic lineages induced myeloproliferative diseases 16 and lymphomagenesis, 13, 17 respectively, in murine models. Furthermore, EZH1 compensates the function of EZH2 9, 18 and emerges as regulator of myeloid neoplasms. 19, 20 Inhibitors selective to EZH2 have recently been developed and shown to be effective in killing lymphoma cells with EZH2 mutation, [21] [22] [23] however, these inhibitors demonstrated minimal effects on proliferation or gene transcription among lymphomas carrying the wild-type EZH2 21, 22, 24 and are expected to be ineffective for tumors that rely on both wild-type EZH2 and EZH1.
Recently, we have discovered a series of small-molecule compounds for specific targeting of both EZH2 and EZH1, including UNC1999, an EZH2 and EZH1 dual inhibitor, and UNC2400, an inactive analog compound useful for assessment of off-target effect. 25 Here, we characterized molecular and cellular effects by these translational tools and aim to establish novel therapeutics for cancer types that rely on PRC2-EZH2 and PRC2-EZH1 both. We choose to focus on leukemia bearing chromosomal rearrangement of mixed lineage leukemia (MLL), a gene encoding histone H3 lysine 4 (H3K4)-specific methyltransferase. 1, 26 MLL rearrangements are responsible for ;70% of infant acute myeloid or lymphoid leukemia and ;7% to 10% of adult cases, 26 and leukemia with MLL rearrangement displays poor prognosis with low survival rates, highlighting a special need for new interventions. 27, 28 Oncoproteins produced by MLL rearrangements inappropriately recruit epigenetic factors and/or transcriptional elongation machineries to enforce abnormal gene expression. 1, [26] [27] [28] Recent studies show that PRC2 acts in parallel with MLL rearrangements by controlling a distinctive gene program to sustain leukemogenicity. 19, 20, 29 Specifically, EZH2 and EZH1 compensate one another to promote acute leukemogenesis, and genetic disruption of both enzymes was required to inhibit growth of leukemia carrying MLL-AF9, a common form of MLL rearrangements. 19, 20 Therefore, chemical agents that can target both PRC2-EZH2 and PRC2-EZH1 shall represent a new way for treating MLL-rearranged leukemia.
In this study, we use a series of proteomics, genomics, and tumorigenic assays to profile the effects of our unique EZH2 and EZH1 dual inhibitor, UNC1999, and its inactive analog, UNC2400, among MLL-rearranged leukemia. UNC1999, and not UNC2400, specifically suppressed H3K27me3/2 and induced a range of anti-leukemia effects including anti-proliferation, differentiation, and apoptosis. The UNC1999-responsive gene signatures include Cdkn2a and developmental genes, and significantly overlapped those induced by knockdown of EED, an essential subunit of PRC2-EZH2 and PRC2-EZH1. Mechanistically, we unveiled preferential "erasure" of H3K27me3 associated with distal regulatory elements such as enhancers following UNC1999 treatment, whereas H3K27me3 peaks at proximal promoters are largely retained, Figure 1 . A small-molecule UNC1999, and not its inactive analog UNC2400, selectively and potently suppresses H3K27 methylation. (A) Chemical structure of UNC1999 and UNC2400, with the positions R1 and R2 modified with 2 N-methyl groups (CH 3 ) in UNC2400. (B) Summary of modification at R1 and R2 in UNC1999 and derivatives, and their IC 50 measured by in vitro methyltransferase assay. (C) Quantitative mass spectrometry analysis detects the change in relative abundance of various peptide species covering histone H3 amino acids 27-40 after treatment with 3 mM UNC1999 (blue) or UNC2400 (red) for 4 days. Y-axis represents fold-change in relative abundances normalized to DMSO-treated samples; the sequence and modification of H3 peptide are shown on top. (D) Overall percentages of histone H3 with the lysine 27 either unmodified, monomethylated, dimethylated, or trimethylated (H3K27me1/2/3) following compound treatments. (E) Immunoblot of the indicated histone modifications in MLL-AF9-transformed leukemia progenitor cells after treatment with DMSO, or 3 mM UNC1999 or UNC2400. (F-G) Flow cytometry with H3K27me3-specific antibodies revealing time-dependent (F, 2 mM UNC1999) and dose-dependent suppression of H3K27me3 by UNC1999 (G, 7-day treatment) in MLL-AF9-transformed murine leukemia cells and EOL-1 human leukemia cells, respectively. DMSO and nonspecific IgG are used as control. (H) Immunoblots detecting the chromatin-bound and nucleoplasmic fraction of EZH2 or EZH1 after treatment with 2 mM of the indicated compounds for 5 days. (I) Co-IP of PRC2 complex components following Flag IP with extracts of a Flag-PHF1 stable expression cell line 34 For personal use only. on December 16, 2017 . by guest www.bloodjournal.org From despite a shrinking in their average peak size. Gene derepression correlates with decrease in H3K27me3 and concurrent gain in H3K27 acetylation (H3K27ac). None of these effects were seen following UNC2400 treatment, further verifying on-target effect by UNC1999. Cdkn2a is a crucial mediator for UNC1999-induced growth inhibition. Importantly, oral dosing of UNC1999 prolongs survival of MLL-AF9-induced murine leukemia models. Thus, our study provides a detailed characterization of a pair of smallmolecule compounds available to the community for studying EZH2 and EZH1 in health and disease. This study also represents the first one to establish chemical inhibition of both EZH2 and EZH1 as a promising therapeutics for MLL-rearranged leukemia.
Methods
Compound synthesis and usage UNC1999 and UNC2400 were synthesized as previously described. 25 Synthesis of UNC1756 and UNC3142 is described in supplemental Materials or MLL-ENL after treatment with UNC1999 or UNC2400 and normalization to DMSO treatment. *P , .05; **P , .01; ***P , .001; ns, not significant.
(available on the Blood Web site). UNC1999 and derivatives were dissolved in dimethylsulfoxide (DMSO) as 5 mM stocks before use.
Mass spectrometry-based quantification
Total histones were prepared and subject to mass spectrometry analysis as previously described. 30 Purification, culture, and leukemia transformation of primary hematopoietic stem and progenitor cells
Wild-type Balb/C mice and p16Ink4a 2/2 ;p19Arf 2/2 knockout mice (strain number 01XB2) were purchased from the NCI at Frederick Mouse Repository. Bone marrow isolated from femur and tibia of mice was subject to lineage-negative enrichment, followed by cytokine stimulation and retroviral transduction of oncogenes (MLL-AF9) as described. 31, 32 Freshly immortalized leukemia progenitor cell lines were generated, characterized, and maintained with the previously described procedures. [31] [32] [33] The detailed procedures for flow cytometry, antibody and immunoblot, and various assays of cell proliferation, Wright-Giemsa staining, colony-forming units by serial replating, cell-cycle profiling, and apoptosis are described in supplemental Materials.
Microarray analysis
Total RNA was isolated followed by quantification of the transcript expression levels with Affymetrix GeneChip MOGene_2.1_ST. After RNA hybridization, scanning, and signal quantification (UNC Genomics Core), hybridization signals were retrieved, followed by normalization, differential expression analysis, gene ontology (GO) analysis, gene set enrichment analysis (GSEA), and statistical analysis using GeneSpring Analysis Platform GX12.6 (Agilent Technologies) as described. 34 GSEA was also carried out with the downloaded GSEA software (www.broadinstitute.org/gsea) by exploring the Molecular Signatures Database (www.broadinstitute.org/gsea/ msigdb/annotate.jsp).
ChIP followed by deep sequencing
Chromatin samples used for chromatin immunoprecipitation (ChIP) followed by deep sequencing (ChIP-Seq) were prepared using a previously described protocol, 35 followed by antibody enrichment, library generation, and parallel sequencing using an Illumina HiSeq-2000 Sequencer (UNC High-throughput Sequencing Facility) as described before. 36 The detailed procedures of ChIPSeq data alignment, filtration, peak calling and assignment, and cross-sample comparison and analysis are described in supplemental Materials.
Real-time PCR
The quantitative polymerase chain reaction (qPCR) following reverse transcription (RT-qPCR) or ChIP (ChIP-qPCR) was carried out as previously described. 34 Information on primers used is described in supplemental Table 6 .
In vivo leukemogenic assay and compound treatment MLL-AF9-induced murine leukemia was generated as previously described, 31, 32 followed by compound treatment. The powder of UNC1999 (verified by highperformance liquid chromatography and mass spectrometry) was slowly dissolved and incorporated in vehicle (0.5% of sodium carboxymethylcellulose and 0.1% of Tween 80 in sterile water) with continuous trituration by a pestle in a mortar. UNC1999 or vehicle was administered by oral gavage twice daily at a dose of 50 mg/kg. The detailed descriptions of murine leukemia generation, compound usage and delivery, animal care and dissection, and pathological analysis are described in supplemental Materials. , and error bars represent SD of triplicates. *P , .05; **P , .01; ***P , .001. FC, fold-change; FDR, false discovery rate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MSIgDB, Molecular Signatures Database; NES, normalized enrichment score; Ren, Renilla; shEED, shRNA against EED; shREN, shRNA against Renilla.
Statistical analysis
Data are presented as the mean 6 standard deviation (SD) for 3 independent experiments unless otherwise noted. Statistical analysis was performed with the Student t test, except for nonparametric analysis that used the log-rank (Mantel-Cox) test.
Results
A small-molecule UNC1999, and not its inactive analog UNC2400, selectively and potently suppresses H3K27me3/2
Previously, using an in vitro methyltransferase assay, we have shown that UNC1999 ( Figure 1A ) exhibits highly selective and potent inhibition of EZH2 and EZH1 over other unrelated methyltransferases with half-maximal inhibitory concentration (IC 50 ) for EZH2 and EZH1 measured at ,10 nM ( Figure 1B ) and 45 nM, respectively.
25
UNC2400, an inactive analog compound (with IC 50 of .13 000 nM), was generated by modifying UNC1999 with 2 N-methyl groups ( Figure 1A-B) . Via docking studies with the recently solved apo structure of the EZH2 SET domain, 37, 38 we found that the 2 N-methyl modifications presumably disrupt the critical hydrogen bonds formed by UNC1999 with the side-chain carbonyl of Asn688 and the N-terminal nitrogen of His689 of EZH2 (supplemental Figure 1A) . Modifying UNC1999 with both N-methyl groups is required to abrogate its potency because UNC3142 and UNC1756 (supplemental Figure 1B) , 2 compounds with a single N-methyl modification at either position, merely modestly interfered with EZH2-mediated methylation ( Figure 1B) .
To assess the effect of our active vs inactive compounds on the landscape of histone modifications, we used mass spectrometry proteomic techniques 30 to quantify histone modification levels following compound treatment of a murine leukemia line established by MLL-ENL, 32 a common form of MLL rearrangements. 26, 27 Of 55 detected histone peptides carrying the single or combinatorial modification, only peptides covering the H3 residues 27-40 were found altered in relative abundance with fold-change of .2 following UNC1999 vs DMSO treatment (Figure 1C , blue; supplemental Table 1 ). Peptides with a single H3K27me3 or H3K27me2 modification showed the greatest decreases. H3 (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) peptide can also be modified by H3K36 methylation and, indeed, following UNC1999 treatment, several peptides with dual methylations of H3K27 and H3K36 were either undetectable (H3K27me3-K36me2) or found decreased (H3K27me3-K36me1 and H3K27me2-K36me2/1) (Figure 1C , blue; supplemental Table 1 ). Due to H3K27 "demethylation" by UNC1999 on these dually methylated peptides, the relative abundance of certain peptide species bearing H3K36me1/2 (supplemental Figure 1C -D, see increases in blue in bar graph, UNC1999 vs mock) was found increased accordingly ( Figure 1C ; supplemental Table 1 ), a phenomenon also seen in cells deficient in Suz12, an essential subunit of PRC2 (supplemental Figure 1E , blue in bar graph). 39 Overall, global H3K36me1/2 does not show significant change as examined by mass spectrometry (supplemental Figure 1F) and immunoblot (supplemental Figure 1G) ; indeed, at the concentrations applied to cells (,3 mM), UNC1999 had no effect on all 4 known H3K36-specific methyltransferases (supplemental Figure 1H-K) . These findings collectively demonstrated specific targeting of PRC2 by UNC1999. As a result, the overall percentage of H3K27me3 and H3K27me2 was reduced from 8.5% and 30.9% of total H3 in mocktreated cells, respectively, to 1.3% and 7.1% in UNC1999-treated cells, H3K27me1 slightly altered from 45.6% to 30.7%, whereas the nonmethylated H3K27 increased accordingly from 14.8% to 60.4% ( Figure 1D ). Consistent with antagonism between PRC2 and H3K27 acetylation (H3K27ac), 40 we detected significantly increased H3K27ac after UNC1999 treatment ( Figure 1C ; supplemental Table 1) .
None of these alterations were seen following UNC2400 treatment (Figure 1C, red; supplemental Table 1 ). By immunoblot ( Figure 1E ) and flow cytometry (Figure 1F -G; supplemental Figure 1L -N), we verified "erasure" of H3K27me3/2 and concurrent elevation of H3K27ac by UNC1999, its negligible effects on other histone methylations, and undetectable effects by UNC2400. UNC1999-mediated suppression of H3K27me3 was time-and concentrationdependent (Figure 1F -G; supplemental Figure 1L-N) . UNC1999 did not alter total levels of PRC2 (supplemental Figure 1O-P) or chromatin-bound EZH2 and EZH1 ( Figure 1H) , and did not affect the stability or assembly of PRC2 ( Figure 1I ), indicating that UNC1999 acts primarily via enzymatic inhibition of EZH2 and EZH1 on chromatin.
Taken together, UNC1999 induces potent and selective suppression of H3K27me3/2, whereas UNC2400 does not, highlighting them as a pair of compounds useful to manipulate both PRC2-EZH2 and PRC2-EZH1.
An EZH2 and EZH1 dual inhibitor UNC1999, but not an EZH2-selective inhibitor GSK126, effectively inhibits growth of MLL-rearranged leukemia
Recent studies have shown that genetic disruption of both EZH2 and EZH1 is required to inhibit growth of MLL-rearranged leukemia, 19, 20 which prompted us to ask whether UNC1999 provides a unique way for treating MLL-rearranged leukemia. First, we compared the effect of UNC1999 to GSK126, a recently disclosed EZH2-selective inhibitor (with ;150-fold selectivity of EZH2 over EZH1). 22 As expected, both GSK126 and UNC1999 efficiently inhibited the global H3K27me3 in DB cells, a lymphoma line bearing the EZH2 Y641N mutation, 22, 25 as measured by both immunoblot (Figure 2A , top) and quantitative flow cytometry (supplemental Figure 2A) , and efficiently suppressed DB cell proliferation ( Figure 2B ). However, using 3 independent MLL-AF9-transformed murine leukemia lines, we found that only UNC1999, and not GSK126, efficiently inhibited their H3K27me3 (Figure 2A , bottom and 2C) and suppressed cell proliferation ( Figure 2D ; supplemental Figure 2B -E). MLL-AF9-transformed murine leukemia cells coexpress EZH2 and EZH1 (supplemental Figure 2F) . These data indicate uniqueness of UNC1999 in treating cancers that rely on PRC2-EZH2 and PRC2-EZH1 both.
Next, we applied UNC1999 to a larger panel of leukemia cell lines. All of the 10 lines bearing MLL rearrangements including MLL-AF9, MLL-ENL, MLL-PTD, or MLL-AF4 showed sensitivity to UNC1999 (Figure 2E -H; supplemental Figure 2G -I) with halfmaximal effective concentration (EC 50 ) ranging from 102 nM to 1.96 mM ( Figure 2F) . Notably, multiple MLL-rearranged lines demonstrated a comparable UNC1999 sensitivity to DB (Figure 2E-F) . UNC1999 did not induce nonspecific toxicity, for it did not affect proliferation of LOUCY ( Figure 2I ), a T-cell acute lymphoblastic leukemia line without detectable H3K27me3 due to EZH2 genomic deletion 41 ( Figure 2J ). Moreover, K562, a BCR-ABL-bearing myeloid leukemia line, also did not respond to UNC1999 (Figure 2E-F) . UNC1999-mediated growth suppression was time-dependent and dose-dependent ( Figure 2D-H) . UNC2400 had no detectable effect on cell growth ( Figure 2K) .
Collectively, UNC1999, an EZH2 and EZH1 dual inhibitor, efficiently suppresses proliferation of MLL-rearranged leukemia cells that coexpress EZH2 and EZH1.
UNC1999, and not UNC2400, suppresses colony-forming abilities of MLL-rearranged leukemia cells and promotes their differentiation and apoptosis Wright-Giemsa staining revealed dose-dependent alterations by UNC1999 in cell morphology from leukemic myeloblasts to differentiated cells ( Figure 3A ; supplemental Figure 3A) , which was concurrent with the increased differentiation markers and decreased c-Kit, a hematopoietic stem/progenitor marker (Figure 3B -C; supplemental Figure 3B ). We used serial replating assays to assess the repopulating ability of clonogenic cells, an ex vivo indicator of leukemia stem cells. 42 Following treatment with UNC1999, and not DMSO or UNC2400, MLL-AF9-or MLL-ENL-transformed leukemia cells exhibited a dramatic reduction in the number of outgrowing colonies ( Figure 3D -E) and morphologic alterations from the primarily large and compact colonies to the small and diffuse ones characteristic of differentiated cell clusters ( Figure 3F ). We also examined cell viability and found time-and concentrationdependent induction of apoptosis in several tested lines after treatment with UNC1999, and not UNC2400 (Figure 3G-H; supplemental Figure 3C ). Taken together, UNC1999, but not UNC2400, suppresses growth of MLL-rearranged leukemia by inhibiting repopulating ability and promoting cell differentiation and apoptosis.
Identification of UNC1999-responsive gene signatures in MLL-rearranged leukemia
To dissect the underlying mechanisms for the UNC1999-induced anti-leukemia effect, we performed microarray analysis with 2 independent MLL-AF9-transformed murine leukemia lines following compound treatments. UNC1999 altered the expression of a few hundred transcripts (Figure 4A-B; supplemental Figure 4A , supplemental Table 2 ), and consistent with the silencing role of PRC2, 43 significantly more genes showed upregulation than downregulation after UNC1999 treatment (Figure 4A-B; supplemental Figure 4A ). In contrast, UNC2400 induced little changes (Figure 4A ,C; -axis) from independent experiments were normalized to input and presented as mean 6 SD. *P , .05; **P , .01; ***P , .001. IGB, Integrated Genome Browser. Table 2 ), demonstrating its overall inactivity in transcriptional modulation. Importantly, the transcripts upregulated by UNC1999 largely overlapped those after knockdown of EED, a common cofactor of EZH2 and EZH1, demonstrating on-target effects of UNC1999 ( Figure 4D ; supplemental Figure 4A -C, supplemental Table 2-3) . GSEA revealed significant enrichment of PRC2-repressed genes ( Figure 4E -G) and those associated with H3K27me3 (supplemental Figure 4D-E) or myeloid differentiation ( Figure  4E ,H) in UNC1999-vs DMSO-treated cells. GO analysis showed UNC1999-derepressed genes enriched with pathways related to development, myeloid differentiation, and proliferation (supplemental Figure 4F ), which are the hallmark of polycomb targets. 43 For example, similar to EED knockdown (supplemental Table 3 ), UNC1999 treatment derepressed the differentiation-associated (Epx), proliferation-associated (Cdkn2a), and development-associated genes (Bcl11a, Ikzf2, Gata1, Tet1, Kdm5b, Smo, Fzd3), whereas expression of all PRC2-encoding genes were unaltered ( Figure 4B ). By RT-qPCR, we verified the gene expression changes following UNC1999 vs UNC2400 treatments or after EED knockdown ( Figure 4I ).
Taken together, treatment of MLL-rearranged leukemias with UNC1999, an EZH2 and EZH1 dual inhibitor, derepresses their PRC2 gene targets.
Cdkn2a reactivation is crucial for UNC1999-induced growth suppression
We performed similar gene array analysis either with milder compound treatment or with MLL-ENL-transformed leukemia cells and identified a common UNC1999-responsive signature, which included Cdkn2a (supplemental Table 4 ). We closely examined Cdkn2a because this polycomb target encodes 2 crucial cell-cycle regulators, p16Ink4a and p19Arf. UNC1999 consistently induced reactivation of p16Ink4a and p19Arf in multiple lines bearing MLL-AF9 or MLL-ENL, and such derepression was concentration-and time-dependent (Figure 5A-B; supplemental Figure 5A ). Cdkn2a reactivation was modest after 2-day treatment and dramatic 7 days posttreatment, with .150-fold and .60-fold upregulation of p16Ink4a and p19Arf observed in sensitive lines, respectively ( Figure 5A-B) . UNC1999 induced cell-cycle arrest at the G1-to-S transition (Figure 5C-D; supplemental Figure 5B ). In contrast, UNC2400 did not alter the expression of Cdkn2a (Figure 4C,I ) or cell-cycle progression (Figure 5C-D; supplemental Figure 5B ). To examine whether UNC1999-induced phenotypes depend on Cdkn2a, we derived several MLL-AF9-transformed leukemia lines with bone marrow from mice deficient in p16Ink4a and p19Arf (supplemental Figure 5C ). Compared with their wild-type counterparts, these p16Ink4a 2/2 /p19Arf 2/2 leukemia cells no longer responded to UNC1999 with no detectable change in their proliferation ( Figure 5E ) or apoptosis ( Figure 5F ) following treatment. Collectively, Cdkn2a is a critical downstream mediator of UNC1999-induced growth inhibition.
ChIP-Seq reveals UNC1999-induced local suppression of H3K27me3 and concurrent gain of H3K27ac in MLL-rearranged leukemia
To further dissect how UNC1999 alters the chromatin landscape of MLL-AF9-transformed leukemia progenitors, we used ChIP-Seq to profile distribution of H3K27me3 and its antagonizing H3K27ac. We found a global reduction of H3K27me3 following UNC1999 treatment: ;66% of a total of 8894 H3K27me3 peaks showed complete loss ( Figure 6A ) whereas 8% showed increases (.1.5-fold, data not shown). ChIP-Seq also unveiled preferential removal of
H3K27me3 by UNC1999 at loci containing a relatively lower level of H3K27me3 whereas those harboring the highest H3K27me3 remained generally intact ( Figure 6B ). For example, UNC1999 completely "erased" a domain with lower H3K27me3 upstream of HoxA1 whereas a domain with higher H3K27me3 covering HoxA11-A13 was unaltered (supplemental Figure 6A red); using ChIP followed by qPCR, we verified such site-specific "demethylation" by UNC1999 at Hox-A genes ( Figure 6C ). Furthermore, H3K27me3 peaks associated with distal nonpromoter regulatory elements, including enhancers and intergenic regions, often demonstrate complete loss, whereas H3K27me3 peaks associated with proximal promoters are largely retained ( Figure 6A ; supplemental Figure 6D ), despite a shrinking in their average peak size ( Figure 6D ) or signal reduction at peak shoulders, as exemplified by developmental genes Smo ( Figure 6E, red) , Evx1, Bcl11a, and Fzd3 (supplemental Figure 6A-C, red) . In addition, we found UNC1999 preferentially affected non-CpG promoters compared with CpG promoters ( Figure 6F ). We also performed ChIP-Seq of SUZ12, an essential cofactor of EZH2 and EZH1, and did not observe significant decreases in SUZ12 binding following compound treatments ( Figure 6G ; supplemental Figure 6E ), which is consistent with our finding that UNC1999 does not affect PRC2 complex stability ( Figure 1I ). To correlate the transcriptome alteration with ChIP-Seq, we examined UNC1999-derepressed genes. Indeed, following UNC1999 vs mock or UNC2400 treatment, these genes displayed either loss or shrinking of H3K27me3 centered on transcriptional start sites (TSSs) ( Figure 6H , red) and concurrent gain in H3K27ac ( Figure 6H , blue), whereas the associated SUZ12 was not decreased ( Figure 6H, brown) . We then closely examined Cdkn2a, a crucial UNC1999-responsive gene. Again, ChIP-Seq revealed preferential "erasure" of H3K27me3 by UNC1999 at multiple regulatory elements ( Figure 6I , black lines under the track of "H3K27me3-UNC1999") of p16Ink4a or p19Arf without altering Cdkn2a-associated SUZ12 (supplemental Figure 6F) ; TSS-associated H3K27ac was significantly increased ( Figure 6I , blue). By ChIP-qPCR, we verified site-specific decreases in H3K27me3 ( Figure 6J ) and increases in H3K27ac ( Figure 6K ) across Cdkn2a after UNC1999 vs UNC2400 treatment. Collectively, UNC1999, but not UNC2400, preferentially "erases" H3K27me3 associated with distal regulatory regions such as enhancers and reshapes the landscape of H3K27me3 vs H3K27ac at proximal promoters in MLL-AF9-transformed leukemia cells, leading to gene derepression.
UNC1999 prolongs survival of an MLL-AF9-induced murine leukemia model in vivo
We generated murine leukemia with MLL-AF9 followed by bone marrow transplantation of primary tumors to syngeneic recipients, which developed aggressive leukemia with a consistent latency of 20 to 35 days ( Figure 7A, blue) . To examine the effect of UNC1999 on in vivo leukemogenesis, we administered either vehicle or 50 mg/kg UNC1999 by oral gavage to mice twice per day and starting from 7 days posttransplantation when the white blood cell (WBC) counts in peripheral blood started to accumulate when compared with nonengrafted controls. We then monitored leukemia progression by periodic assessment of peripheral blood samples and found that, despite steady accumulation of WBCs in both vehicle-and UNC1999-treated cohorts, UNC1999-treated animals displayed significant reduction in WBC counts ( Figure 7B-D) , indicating a delayed leukemic progression. Indeed, UNC1999-treated leukemic mice exhibited a significantly prolonged survival, with a latency of 36.6 6 11.7 days in contrast to 24 6 6.7 days for vehicle-treated mice ( Figure 7A , P 5 .0033). UNC1999 treatment did not affect the counts of red blood cells ( Figure 7E ) or platelets (supplemental Figure 7A ). We closely examined leukemia cells collected from moribund mice. Compared with vehicle, UNC1999 treatment significantly decreased H3K27me3 in cells isolated from bone marrow and spleen ( Figure 7F ), significantly elevated their p16Ink4a or p19Arf expression ( Figure 7G) , and caused the G1-to-S cellcycle arrest (Figure 7H-I; supplemental Figure 7B ). UNC1999 treatment also significantly reduced the total number of leukemia cells (labeled by bicistronic GFP expression) or c-Kit-positive leukemia progenitors (c-Kit 1 /GFP 1 ) in bone marrow and spleen ( Figure 7J ; supplemental Figure 7C-D) . Furthermore, the size of lymph nodes was significantly smaller in UNC1999-vs vehicletreated mice ( Figure 7K) ; both cohorts showed similar severity of splenomegaly.
Collectively, oral administration of UNC1999 delays MLL-AF9-induced leukemogenicity in vivo and our EZH2 and EZH1 dual inhibitor provides a new therapeutics for MLL-rearranged leukemia. For personal use only. on December 16, 2017 . by guest www.bloodjournal.org From
Discussion
Our study represents the first to show specific enzymatic inhibition of EZH2 and EZH1 by oral delivery of a small-molecule compound as a promising therapeutic intervention for MLL-rearranged leukemia, a genetically defined malignancy with poor prognosis. Previously, several methods were reported to disrupt PRC2 function in cancer. 3-Deazaneplanocin A (DZNep), an inhibitor of S-adenosylhomocysteine hydrolase that depletes PRC2 via an unclear mechanism, 44 demonstrated a tumor-suppressive effect in cancers including MLLrearranged leukemia 45 ; however, increasing evidence has indicated that DZNep lacks specificity. 46, 47 Inhibitors highly selective to EZH2 [21] [22] [23] or to EZH2 and EZH1 25, 48 have been discovered, some of which demonstrated early success in treating EZH2-mutated lymphoma 22 and SNF5-inactivated malignant rhabdoid tumors. 49 Furthermore, a hydrocarbon-stapled peptide (SAH-EZH2) has recently been developed to disrupt interaction of EED with EZH2 and EZH1, leading to degradation of PRC2. 50 Prior to our study, an orally bioavailable inhibitor of PRC2 remains to be established in both in vitro and in vivo settings to treat cancer that relies on PRC2-EZH2 and PRC2-EZH1 both. Here, we used a series of proteomics, genomics, and leukemogenic approaches to show that UNC1999, an EZH2 and EZH1 dual inhibitor, suppresses growth of MLL-rearranged leukemia ex vivo and in vivo, whereas an EZH2-selective inhibitor GSK126 failed to efficiently inhibit H3K27me3 or proliferation of MLLrearranged leukemia cells. Our translational tool may represent novel therapeutics for cancer types that coexpress EZH2 and EZH1.
UNC1999-responsive genes largely overlapped the defined PRC2 targets. Derepression of PRC2 target genes associates with suppression of H3K27me3 and concurrent gain in H3K27ac. Unlike DZNep 44 or SAH-EZH2, 50 UNC1999 does not degrade PRC2 and, thus, the UNC1999-derepressed genes are likely to be silenced by PRC2 via its methyltransferase activity per se, and not via silencing factors recruited by PRC2. This difference may partly explain why a subset of genes were upregulated by EED knockdown and not by UNC1999 ( Figure 4D ). We also show that deletion of Cdkn2a largely reversed the UNC1999-induced antiproliferation effect in vitro, suggesting that the status of CDKN2A might be a useful predictor for drug resistance vs efficacy of PRC2 inhibitors. It would be also interesting to investigate into the status of CDKN2A among certain non-MLL-rearranged myeloid malignancies and T-cell acute lymphoblastic leukemia where PRC2 inactivation occurs due to the damaging mutation of EZH2, EED, or SUZ12. 51, 52 Furthermore, we demonstrated overall inactivity of an analog compound UNC2400 in modulation of H3K27me3 or gene expression, making it an ideal chemical control for UNC1999. Thus, this study provides the first detailed molecular characterization of a pair of active vs inactive small-molecule compounds suitable for studying EZH2 and EZH1 in the in vitro and in vivo settings.
Mechanistically, UNC1999 preferentially "erases" H3K27me3 peaks associated with distal regulatory elements such as enhancers and remodels the landscape of H3K27me3 vs H3K27ac at proximal promoters and TSSs. We speculate that the local concentration and/or composition of PRC2 and associated factors may influence the efficacy of UNC1999, as we observed a higher level of SUZ12 at TSS where H3K27me3 tends to be retained following UNC1999 treatment ( Figure 6H ). However, the causal relationship remains to be defined. Furthermore, we noticed that UNC1999 had a weaker effect in vivo and only modestly delayed MLL-AF9-induced leukemogenesis. Partial in vivo efficacy has previously been seen for specific inhibitors of BRD4 53, 54 and DOT1L. 55 Further optimization of potency, selectivity, and drug metabolism and pharmacokinetics are needed to enhance their in vivo antitumor effect. With accumulating evidence demonstrating a general "druggability" of many cancer-associated epigenetic "writers," "erasers," and "readers," 1 development of epigenetic modulators shall provide novel therapeutic interventions in the near future.
